During bacterial cannibalism, a differentiated subpopulation harvests nutrients from their genetically identical siblings to allow continued growth in nutrient-limited conditions. Hypothesis-driven imaging mass spectrometry (IMS) was used to identify metabolites active in a Bacillus subtilis cannibalism system in which sporulating cells lyse nonsporulating siblings. Two candidate molecules with sequences matching the products of skfA and sdpC, genes for the proposed cannibalistic factors sporulation killing factor (SKF) and sporulation delaying protein (SDP), respectively, were identified and the structures of the final products elucidated. SKF is a cyclic 26-amino acid (aa) peptide that is posttranslationally modified with one disulfide and one cysteine thioether bridged to the α-position of a methionine, a posttranslational modification not previously described in biology. SDP is a 42-residue peptide with one disulfide bridge. In spot test assays on solid medium, overproduced SKF and SDP enact a cannibalistic killing effect with SDP having higher potency. However, only purified SDP affected B. subtilis cells in liquid media in fluorescence microscopy and growth assays. Specifically, SDP treatment delayed growth in a concentration-dependent manner, caused increases in cell permeability, and ultimately caused cell lysis accompanied by the production of membrane tubules and spheres. Similarly, SDP but not SKF was able to inhibit the growth of the pathogens Staphylococcus aureus and Staphylococcus epidermidis with comparable IC 50 to vancomycin. This investigation, with the identification of SKF and SDP structures, highlights the strength of IMS in investigations of metabolic exchange of microbial colonies and also demonstrates IMS as a promising approach to discover novel biologically active molecules.
During bacterial cannibalism, a differentiated subpopulation harvests nutrients from their genetically identical siblings to allow continued growth in nutrient-limited conditions. Hypothesis-driven imaging mass spectrometry (IMS) was used to identify metabolites active in a Bacillus subtilis cannibalism system in which sporulating cells lyse nonsporulating siblings. Two candidate molecules with sequences matching the products of skfA and sdpC, genes for the proposed cannibalistic factors sporulation killing factor (SKF) and sporulation delaying protein (SDP), respectively, were identified and the structures of the final products elucidated. SKF is a cyclic 26-amino acid (aa) peptide that is posttranslationally modified with one disulfide and one cysteine thioether bridged to the α-position of a methionine, a posttranslational modification not previously described in biology. SDP is a 42-residue peptide with one disulfide bridge. In spot test assays on solid medium, overproduced SKF and SDP enact a cannibalistic killing effect with SDP having higher potency. However, only purified SDP affected B. subtilis cells in liquid media in fluorescence microscopy and growth assays. Specifically, SDP treatment delayed growth in a concentration-dependent manner, caused increases in cell permeability, and ultimately caused cell lysis accompanied by the production of membrane tubules and spheres. Similarly, SDP but not SKF was able to inhibit the growth of the pathogens Staphylococcus aureus and Staphylococcus epidermidis with comparable IC 50 to vancomycin. This investigation, with the identification of SKF and SDP structures, highlights the strength of IMS in investigations of metabolic exchange of microbial colonies and also demonstrates IMS as a promising approach to discover novel biologically active molecules.
cannibalism | bacterial communication | natural product | posttranslational modifications | thioether M etabolic exchange describes the process of exchanging signals or nutrients between cells or populations and is a common feature of all living systems. Bacteria produce a wide array of signaling molecules to control metabolic as well as morphological and developmental changes in either an interspecies or intraspecies manner (1) . Bacillus subtilis, for example, has a complex life cycle and thrives in diverse living conditions ranging from soil, contaminated wounds, and the intestinal tract (2) (3) (4) . To accommodate this, B. subtilis dedicates ∼10% of its genome to the production of specific molecules involved in intra-and interspecies metabolic exchange (5) . Two of these molecules are sporulation delaying protein (SDP) and sporulation killing factor (SKF), which, based on genetic experiments, are proposed to lyse a subpopulation of B. subtilis cells to provide nutrients for the remaining cells, a process referred to as bacterial cannibalism (6) (7) (8) (9) (10) . This behavior is dependent on Spo0A, a master transcriptional regulator that also controls biofilm formation and sporulation (6) (7) (8) (9) (10) (11) (12) (13) .
We set out to characterize these cannibalistic compounds to establish their roles in the B. subtilis life cycle and to understand their structure and biosynthesis. In addition, previous reports have suggested that the skf and sdp gene clusters preferentially target non-B. subtilis cells, suggesting that the cannibalistic factors might represent promising new antibiotic leads (14, 15) .
Before this study, SDP had been partially purified (6) , whereas SKF had not been identified or structurally characterized, although B. subtilis is the model organism for Gram-positive bacteria and many laboratories had investigated its metabolic output. The difficulties of identifying these molecules could arise from the fact that the cannibalistic effect was observed only on solid media but not in liquid media (6) . Therefore, we decided to use imaging mass spectrometry (IMS) to visualize the process by growing the domesticated strain PY79 directly on the MALDI target plate (16) (17) (18) . With this approach, we were able to purify and determine the structure of mature SKF and SDP. In solid medium, both molecules act as cannibalistic killing factors, however, only SDP inhibited the growth of B. subtilis and the Gram-positive pathogens Staphylococcus aureus and Staphylococcus epidermidis in liquid medium. This investigation demonstrates that IMS is an effective tool to identify cell-to-cell interaction signals, and provides an approach to the discovery of bioactive molecules.
Results and Discussion
Identification of SKF and SDP via IMS. The B. subtilis cannibalistic phenotype presents itself only on solid media (6) , yet there are very few tools that can spatially characterize metabolic output on solid surfaces. We therefore used thin-layer agar IMS, which is capable of capturing the spatial distribution of metabolites in growing colonies and can be used to understand microbial metabolic exchange, to visualize the cannibalistic factors SKF and SDP (18) . In this IMS experiment, a growing culture of B. subtilis PY79, used in the original report on cannibalism (6), was cultured adjacent to a Δspo0A strain (KP648) and its metabolic output was profiled by IMS (Fig. 1A) . We anticipated that a zone of clearing on the Δspo0A strain would be observed and that IMS could be used to
Author contributions: C.D.E., P.D.S., P.A.P., J.P., V.N., K.P., and P.C.D. identify candidate signals involved in the lysis of Δspo0A cells. Indeed, we observed a decreased growth phenotype as well as a glassy appearance in the region of Δspo0A adjacent to the cocultured PY79 cells (Fig. 1A and SI Appendix, Fig. S1 ).
Several ions were observed in the IMS data. First, KP648 (PY79, Δspo0A) produced the nonribosomal peptide synthetase-derived lipopeptide antibiotic surfactin. This was unexpected, because PY79 has a frameshift mutation in the gene encoding for the phosphopantetheinyl transferase protein, Sfp (19) , and we confirmed by DNA sequencing that this mutation is present in the Δspo0A strain. This indicates that the surfactin nonribosomal peptide synthetases are activated via a lower efficiency phosphopantetheinylation pathway that is up-regulated in the absence of Spo0A. However, judging from their relative mass spectrometry (MS) intensities, the signal of surfactin at 96 h was at least 10-fold less than the amount produced by the nondomesticated B. subtilis strain 3610 (SI Appendix, Fig. S2 ), which has a functional sfp gene. Second, some signals produced by PY79 appeared to define a boundary between the PY79 and Δspo0A colonies, including the ions at m/z 2782 and 4350 (Fig. 1A) . Ion 2782 was associated with the border between the two cultures, and ion 4350 was found in the regions where the Δspo0A strain was glassy and displayed reduced growth. Thus, the 4350 m/z ion was the favored candidate that caused the majority of the cannibalistic killing effect, because of the overlap with the zone of reduced growth on Δspo0A, whereas the 2782 ion stopped at the interface of the two colonies.
After an l-butanol extraction and a desalting step, the two uncharacterized ions were measured at m/z 2782 [M+H] + and 4312 [M+H] + , suggesting that ion m/z 4350 is the potassium adduct form [M+K] + (SI Appendix, Fig. S3 ). These two ions were then subjected to fragmentation by MALDI-TOF tandem MS (TOF/ TOF). The ion at m/z 4312 [M+H] + gave a long and unambiguous sequence tag corresponding to VAAGYLYVVGVNAVALQT-AAAVTTAVW and matched residues from Val 148 to Trp 174 of SdpC (SI Appendix, Figs. S4A and S5 and Table S1 ), whereas the TOF/TOF fragmentation of the 2782 ion gave a candidate sequence tag, LPHPA (SI Appendix, Fig. S4B ). This sequence tag matched a sequence within SkfA, the proposed precursor for the mature form of SKF (6) . However, the sequence tag was insufficient to positively identify SKF, because none of the ion masses could be directly matched with the linear sequence of SkfA, and many ions in the spectrum remained unexplained. To confirm the identity of this ion, strain EG208 with an IPTG inducible promoter in front of the skf gene cluster was subjected to IMS. If the ion with m/z of 2782 is SKF, it is expected to be present only when IPTG is added. Indeed, in the absence of IPTG, the ion at m/z 2782 is absent as judged by IMS (Fig. 1B) . In addition, the production of this ion was abolished when the skfA gene was inactivated, solidifying that this 2782 ion is indeed the mature form of SKF (SI Appendix, Fig.  S2, EG165) . Similarly, the 4350 signal was not observed in an sdpC deletion strain, in agreement with the identification of this ion as SDP (SI Appendix, Fig. S2, EH273 ).
Isolation and Structural Elucidation of SDP and SKF. With the masses of SKF and SDP in hand, it became possible to use an MS-guided isolation for both molecules. Unlike the antibiotics surfactin and subtilosin, SDP and SKF did not readily diffuse into the solid media as judged by IMS ( Fig. 1 A and B and SI Appendix, Fig. S2 ). This implied that SDP and SKF are hydrophobic in nature, and thus we adapted our purification protocol accordingly (SI Appendix, SI Methods). The isolation and subsequent structural analysis using tandem MS and NMR enabled us to determine that SDP is a 42-aa peptide with a disulfide crosslink and that SKF is a 26-aa disulfide-containing cyclic peptide with a thioether crosslink of a cysteine to the α-carbon of a methionine (Fig. 2) . This ribosomally encoded peptide is unusual in terms of structure but is consistent with the transport and biosynthetic enzymes found on the skf gene cluster as described in SI Appendix, SI Text (6) . A full description of the data and methods that led us to the determination of these structures is provided in SI Appendix, SI Text.
Biological Effects of SDP and SKF. With the availability of microgram quantities of purified SKF and SDP, the biological effects of these compounds on B. subtilis growth in liquid and solid cultures and the effects on cell structure were evaluated. First, we added the purified compounds to liquid cultures of the undomesticated WT strain 3610, its domesticated laboratory descendent PY79, and a PY79 strain containing the Δspo0A mutation (KP648). 3610 was included to verify the relevance of our findings to an undomesticated strain of B. subtilis. In rich media (ISP2 or LB media), 20 μg/mL purified SDP significantly and rapidly inhibited growth of 3610, PY79, and Δspo0A, whereas 20 μg/mL SKF, surprisingly, had little observable effect on growth (SI Appendix, Fig. S6 ). PY79 was much less affected by the addition of SDP than the other strains, presumably because PY79 produces SKF and SDP during growth and likely expresses the resistance genes, whereas we were unable to detect the compounds in the Δspo0A mutant under any conditions tested and 3610 produced low levels of the compounds only at late times on LB and DSM (SI Appendix, Figs. S2 and S7) .
To determine the growth inhibitory activity of SDP in more detail, we investigated the effects of different concentrations of SDP on growth of the Δspo0A strain KP648. A concentrationdependent growth effect was observed (Fig. 3A) . Upon addition of 5-20 μg/mL SDP, growth was halted but was able to resume after several hours of continued incubation. The recovery represents survival of a subpopulation of SDP-resistant cells that are able to resume growth after a lag period (discussed below). The concentration of SDP significantly affected the degree to which growth was inhibited and the length of the growth lag. To evaluate how Indicates 20 μg/mL; . 10 μg/mL; , 5 μg/mL; , 2 μg/mL; , 0.2 μg/mL; and , DMSO control. (B) Growth curves of KP648 (Δspo0A) in ISP2 media with 20 μg/mL SDP. SDP was added at 3 h ( ) and 6 h ( ). Indicates DMSO control. (C) Fluorescence micrographs of growing cells of 3610, PY79, ALB1035 (3610, Δspo0A), and KP648 (PY79, Δspo0A) treated with DMSO or 20 μg/mL SDP for the time indicated. Red stain is FM 4-64, a fluorescent membrane stain; blue and green stains are DAPI and Sytox Green, two DNA stains that are membrane impermeable. Sytox Green is the least permeable and provides the greatest increase in fluorescence in permeabilized cells. White arrows point to dividing cells. In the DMSO control, the arrow points to a normal division, whereas in the other images the septa are asymmetric. Double arrowheads point to large gaps in membrane staining. Light blue triangles point to membrane spheres, whereas white triangles point to tubular membranes. After 300 min of treatment of PY79 with SDP, surviving cells are smaller, dividing, and impermeable to Sytox. (D) Time-lapse microscopy images collected at 110 min after SDP treatment. Still images from 0 to ∼21 s are shown.
rapidly SDP inhibited growth, SDP was added to an exponentially growing culture. The addition of 20 μg/mL SDP at different time points rapidly caused growth to level off with very little decrease in optical density (Fig. 3B ). These results demonstrate that purified SDP has rapid effects on growth of B. subtilis cells but that SKF does not at the highest concentration (20 μg/mL) that we tested.
We next performed fluorescence microscopy on living cells of 3610, PY79, and the Δspo0A derivatives of these strains (ALB1035 and KP648, respectively) following treatment with 20 μg/mL SDP for various times in liquid culture. Cells were stained with FM 4-64, a fluorescent membrane stain that inserts into the outer leaflet of the bilayer, as well as Sytox Green and DAPI, two DNA stains that do not efficiently cross the bilayer unless the cells are permeabilized (Fig. 3C ). The first effect was noted ≈60 min after the addition of SDP to 3610, when we observed that the cells often showed partial, asymmetric septa, and localized bright staining of membranes (arrows), suggesting the presence of deformations in the cytoplasmic membrane, particularly at division sites. Approximately 5% of the cells at this time also showed increased permeability to Sytox Green and DAPI, and a subset of these cells showed large gaps in the membrane staining (double arrowheads), suggesting that these cells lack an intact cytoplasmic membrane. By 120 min, more cells showed increased permeability to Sytox Green, DAPI, and discontinuous membranes, and we observed many spherical and tubular membrane projections (arrowheads). By 120 min, ∼33% of all morphologically intact 3610 cells stained with Sytox Green, indicating they were permeablized, and 5% of the cells had protruding tubules (SI Appendix, Tables S2 and S3) . By 300 min, very few intact cells remained in the Δspo0A culture, whereas the PY79 culture still contained dividing cells, confirming the increased sensitivity of the Δspo0A mutant to SDP. Time-lapse microscopy revealed that the membrane tubules were formed and released in a matter of seconds ( Fig. 3D and Movie S1).
The domesticated strain PY79 and its Δspo0A derivative (KP648) responded more slowly to SDP, with only ∼4% of cells showing increased Sytox Green permeability at 60 min after treatment, and with major changes in cell morphology first observed 90 min after treatment. At 120 min, 13.7% of all morphologically intact PY79 cells stained with Sytox and increased to 19.8% in the PY79, Δspo0A strain (SI Appendix, Table S2 ). These results confirm our initial hypothesis that the 4350 m/z ion, due to the overlap with the decreased growth phenotype of Δspo0A in the coculture of Δspo0A with PY79, is the major cannibalistic factor. Furthermore, the data indicate that SDP does not rapidly lyse all of the Spo0A-OFF cells and that a subpopulation of Δspo0A cells remains viable even after several hours of treatment, suggesting an additional degree of multicellular behavior in a population of genetically identical B. subtilis cells.
Dual Nature of SKF-and SDP-Mediated Killing of Sister Cells. Having failed to detect any biological affect of purified SKF using the above liquid culture assays, we wanted to evaluate the ability of SKF and SDP to work independently on solid media. To assess this, we set out to determine whether purified SDP or SKF inhibited the growth of Δspo0A on solid media. Spotting 2 μg SDP resulted in a large zone of decreased growth, and 2 μg SKF resulted in a smaller zone in which the lawn appeared somewhat thinner, whereas the control 10% DMSO did not have an effect on the growth (Fig. 4A ). This indicates that both SDP and SKF reduce the growth of B. subtilis on solid media, although purified SDP has a much stronger effect than SKF. We next sought to determine whether SDP and SKF produced independent killing effects of similar magnitude when overproduced on solid medium. To do so, we used a spot assay in which PY79, Δspo0A, Δskf, Δsdp, and SKF-or SDP-overexpressing strains are spotted on B. subtilis lawns. When PY79 was spotted on the Δspo0A lawn, a large zone of clearing was observed (Fig. 4B) , as previously reported (6) . This phenomenon is mostly dependent on SDP, as the inhibitory effect was still observed with a Δskf strain but was abolished when sdpABC genes were deleted or not induced (Fig. 4B) . We next overexpressed SKF in an sdpABCIR deletion background to eliminate the effect of SDP (P hyspac skf, ΔsdpAB-CIR), and observed a killing effect toward lawns of PY79, Δskf and Δspo0A (Fig. 4C) . These results indicate that although most of the killing effect of PY79 on a Δspo0A lawn is mediated by SDP rather than SKF, overexpression of the skf operon still mediates a killing activity. Thus, either SKF or SDP can independently mediate cannibalism on solid culture medium, but SDP is much more potent than SKF.
SDP but Not SKF Has Antibacterial Activities Against Pathogens. The above results indicate that both SKF and SDP mediate cannibalistic effects. We therefore set out to determine whether these two molecules would also display activity against human pathogens by screening purified SKF and SDP for inhibitory activity against a panel of pathogenic microbes (including B. subtilis strains PY79 and its Δspo0A derivative for comparison). We used a growth assay that measures differences in cell density compared with untreated controls. This screen revealed that SKF had no effect on growth, whereas SDP decreased cell density of members of the Grampositive genus Staphylococcus to a greater extent than B. subtilis, but it did not affect the tested Gram-negative pathogens Pseudomonas aeruginosa or Klebsiella pneumoniae (Fig. 5A) . SDP exhibited potent inhibitory activity against two S. aureus variants, the Newman strain used extensively in laboratory studies of S. aureus virulence, as well as a clinical isolate of methicillin-resistant S. aureus (MRSA) sequence type ST59. The IC 50 against these S. aureus strains were 210 and 110 nM, respectively, slightly more active than the leading contemporary pharmacological agent for treatment of MRSA infection, vancomycin (IC 50 360, 270 nM, respectively). SDP also inhibited growth of S. epidermidis, an opportunistic pathogen associated with nosocomial infections of catheters and the urinary tract and invasive infections in human premature neonates (IC 50 990 nM). SDP has a relatively simple chemical structure, and might therefore provide an antibiotic candidate for future development of derivatives with smaller size and optimized activity against MRSA and closely related species.
In summary, this paper highlights the need for the development of new technologies to study and discover biologically active molecules, a cornerstone of chemical biology as well as therapeutic discovery (20) . Thin-layer agar MALDI-IMS of cocultures of bacterial colonies enabled the discovery, isolation, and structural elucidation of two biologically active factors, SKF and SDP, one of which was cyclized and uniquely posttranslationally modified with a thioether linkage to the α-position of a methionine. MALDI-IMS can also be used to predict the function of metabolites. In this study, we observed an overlap of SDP extending from the cocultured strain PY79 with the region of Δspo0A that was inhibited, enabling us to formulate a hypothesis that SDP, but not SKF, was the main cannibalistic factor. Indeed, when we tested the biological activities of the purified compounds, only SDP showed inhibitory activity in liquid cultures. On the other hand, both SDP and SKF mediated inhibition on solid cultures when overexpressed in whole cells grown on solid medium or when the purified compounds were spotted onto solid media. However, SKF, was much less potent than SDP, and our data indicate that SDP is the primary toxin that mediates cannibalism. Finally, screening both SKF and SDP for their antibacterial activities allowed us to demonstrate that SDP, but not SKF, inhibits growth of Staphylococci to a greater extent than it inhibits B. subtilis growth. This suggests that SDP also participates in defensive or predatory behavior directed at other species (14, 15) , as well as cannibalism (6) . The fact that SDP inhibited clinically relevant pathogens also demonstrates a unique application of studying metabolic exchange by IMS in the discovery of biologically active molecules, and therefore represents that IMS can be used as a tool in efforts to discover new classes of therapeutic agents.
Methods
Structural elucidation of SKF and SDP, as well as the annotation of SKF biosynthetic gene cluster, are described in SI Appendix, SI Text. Details regarding strains, culture conditions, bioassays are provided in SI Appendix, SI Methods. The procedures used in thin-layer agar MALDI IMS, purification of SKF and SDP, SKF derivatization, MS, NMR, and fluorescence microscopy are also detailed in SI Appendix, SI Methods.
Supplementary Materials
Imaging mass spectrometry of intraspecies metabolic exchange revealed the cannibalistic factors of Bacillus subtilis (Fig. 2, Fig. S5 , Table S4 ). The N-terminal boundary of SDP is in agreement with the N-terminal Edman amino acid sequencing previously performed on SDP (1).
Purified SKF was also analyzed by high-resolution mass spectrometry and found to have a mass of 2781.302 Da (Fig. S3 ). This mass could not be readily matched to the C-or N-terminal portions of the 55 amino acid protein precursor SkfA (1). When purified SKF was subjected to high-resolution tandem mass spectrometry, the sequence tag WASKSI was obtained (Fig. S8A, Fig. S9 ). To define the number of amino acids that were involved in the mature SKF metabolite, a 15 N feeding experiment was performed. To confirm that SKF was indeed cyclic, all thiols were replaced with a proton using a reductive dethiolation reaction composed of NiCl 2 and NaBH 4 ( Fig. S10) (3) . Subjecting SKF to this reaction resulted in an ion with a mass of 2551.444 Da. Tandem mass spectrometry by collision induced dissociation (CID)
confirmed the sequence to the 26 amino acids on the C-terminal end of SkfA as well as a cyclic head-to-tail linkage between isoleucine and cysteine. The calculated mass of this molecule is 2551.450. To define the connection of the thioether linkage, the reductive dethiolation was repeated but with deuterated solvents and NiCl 2 /NaBD 4 and resulted in a species with mass of 2558.491, 7.041 Da larger compared to the product resulted from NiCl 2 /NaBH 4 reaction, suggesting 7 thiol connections. Six deuteriums were introduced from the replacement of three methionine and three cysteine side chains with deuterons while the remaining deuterium was introduced at the site of the thioether linkage (Fig. S11A ). Therefore, it became possible to map out the position of the thioether linkage by locating this extra deuterium that gave rise to the 1 Da mass shift. To map the thioether linkage, multiple stages of tandem mass spectrometry were obtained on the deuterated dethiolated SKF. To find the position of the additional deuterium, a mass list with manually deconvoluted fragment ions was analyzed by an algorithm NRP-comparative dereplication (4) against the theoretical structure of SKF with a deuterium labeled on each desulfurized position (Fig. S11A) . NRP-dereplication matched the MS fragments with the structure and Met 12 had the lowest score indicated the strongest correlation of the 1 Da increase between the observed ions in the tandem mass spectrometry experiment when compared to the theoretically predicted ions of the deuterated dethiolated SKF template (Fig. S8C and Fig. S11B ). Guided by the NPR-dereplication result, manual annotation was performed, again verifying the extra deuterium on Met 12 ( Fig.   S11C and Table S5 , S6).
The position of the disulfide bond was determined by reduction, iodoacetamide alkylation and tandem mass spectrometry. Reduction and alkylation of SKF resulted in a mass increase of 116.061 Da, in agreement with two free thiols (Fig. S10) . Via tandem mass spectrometry, the alkylated residues were found to be Cys 1 and Cys 16 , positioning the disulfide between these two cysteines. Even though the tandem mass spectrometry of the desulfurized SKF indicated that the thioether linkage is connected to the methionine, it did not provide regiochemical information to which carbon of Met 12 that Cys 4 was connected. To determine the regiospecificity of the tetrahedral linkage, we resorted to nuclear magnetic resonance (NMR) spectroscopy (Figs. S12 and Table   S7 ). To determine the relevant proton signals, the NMR signal that corresponded to the methionine involved in the thioether cross-link needed to be identified. To find the modified methionine with an absent proton, a 1 H-1 H total correlation spectroscopy (TOCSY) was obtained first. From the TOCSY, one set of methionine correlations lacking an α-proton was observed, and suggested that the linkage of Cys 4 to Met 12 is via the α-carbon of the latter residue ( Fig. S12B and C ). An α-connection would result in a 13 C-chemical shift at this α-carbon of about 70 ppm while a β-connection would result in 13 C-chemical shift of 40-50 ppm (3). The 13 C-chemical shift information was obtained indirectly by heteronuclear multiple bond correlation (HMBC) ( Fig. S8D and E, Fig.   S12D ), because of the small quantities of pure SKF available. The same methionine that was missing the proton in the TOCSY was scrutinized in the HMBC spectrum. In the HMBC, in agreement with the findings by TOCSY, there was no evidence of an α-proton in Met 12 ; however, the β-proton possessed long range correlations between the β-protons and two quaternary carbons, located at δ 67.9 and 180.7 ( Fig. S8D and E) , and thus consistent with a thioether bridge connecting to the α-carbon of Met 12 . A post-translational modification of a cysteine to the α-carbon of methionine has not been previously reported (5) .
The functional annotation of the skf biosynthetic operon.
Based on the structure of SKF, it is now possible to propose the role of each gene on the skf operon involved in SKF biosynthesis. The skf operon was previously predicted to contain a stop codon due to sequencing errors in the original genome that resulted in an incorrect open reading frame assignment for skfC and skfD (1) . Thus, skfC and skfD are in fact a single open reading frame, and therefore we have omitted the designation skfD. Therefore the skf operon has seven genes, skfABCEFGH (Fig. S13) . SkfA is a prepropeptide that is post-translationally modified to the mature SKF (1) . SkfB belongs to the radical SAM superfamily that includes genes such as albA, lipA, bioB, which are involved in the biosynthesis of C-S linkages in subtilosin, lipoic acid, and biotin, respectively ( Fig. S14A ) (3, (6) (7) (8) . We propose that SkfB is responsible for the C-S linkage of Cys 4 to the α-carbon of Met 12 similar to the proposed reaction catalyzed by AlbA on the subtilosin pathway (3, 9) . SkfC belongs to the CaaX family of proteases (Fig. S14B) which, in eukaryotes, are responsible for the proteolysis of C-terminal prenylated cysteines (10) . Since this is the only protease candidate on the skf gene cluster, we propose it is involved in the cyclization reaction, which would represent a new function for a CaaX family member of proteins. SkfE is homologous to the cytoplasmic ATPase domain of ABC transporters, while SkfF is a polytopic membrane protein; both are predicted to be involved in the export and immunity of SKF (1) . SkfG showed homology to several HEAT-repeat containing proteins, although the role of SkfG remains unclear. SkfH is a thioredoxin-oxidoreductase like protein and may be involved in the generation of the disulfide bond analogous to the proposed function of the oxidoreductase on the sublancin 168 biosynthetic pathway ( Fig. S14C ) (11) . 
B. Supplementary Methods

Strains used in this study
Thin-layer agar MALDI-IMS
Sample preparation for thin-layer agar MALDI-IMS experiments was performed using a modified method adjusted from reference 17. 0.2-1 µL of bacterial overnight cultures grown in LB media were spotted on 100 O.D. x 25 mm Petri dishes (Fisherbrand) containing ISP2 solid agar. For testing individual cultures in isolation, strains were spotted at the center of Petri dishes; for the PY79 and ∆spo0A co-culturing experiment, both strains were spotted on the same plate with a distance between spots of 0.75 cm. The Petri dishes were sealed with parafilm and incubated for 2-4 days as indicated. After culturing, a rectangular section containing the colonies was transferred to a MALDI target plate. It is critical to avoid any air bubbles because it will cause the agar to peel off during the IMS process. After taking a photograph, a 1:1 mixture of α-cyano-4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid was sprinkled on top of the culture using a 20 µm sieve method (17, 18) , and was dried in a 37 o C oven for three hours. The detailed instrument parameters for collecting image data were described in reference 17. Briefly, the sample was subjected to Bruker microflex MALDI-TOF MS for imaging MS acquisition and the data was analyzed using the FlexImaging 2.0 software. (Fig. S3) . Purified SKF and SDP were lyophilized and stored at -80ºC before using for bioassay and structural elucidation. The yield for SKF and SDP was ~ 0.5 µg each per plate.
Purification of SKF and SDP
SKF derivatization
Dethiolated SKF was prepared by dissolving 1 µg of SKF with 1.5 µg NaBH 4 /NaBD 4 and 1.5 µg NiCl 2 in 6.25 µL of 60% MeOH/MeOD. This reaction was incubated at 50 o C, and an additional 1.5 µg of NaBH 4 /NaBD 4 and NiCl 2 were added into the reaction 5 and 10 minutes after initiation of the reaction to ensure complete conversion of SKF into dethiolated SKF. The mixture was then centrifuged for 1 min at 14500 rpm to remove the insoluble particles and then purified by HPLC using an Agilent Eclipse XDB-C18 column running MeCN gradients or by C18 ZipTip (Millipore) following the manufacturer's protocol prior to MS analysis.
For disulfide bond reduction, 1 µg SKF was dissolved in 40 mM ammonium bicarbonate buffer, pH 8.0, containing 10% MeCN. TCEP was added to reach a final concentration of 20 mM and incubated at 85 o C for 1hr. To prevent the free thiols from reforming disulfide bond, iodoacetamide was used to cap the cysteine thio group. To accomplish this, 50 mM Tris buffer, pH 7.4 was added to TCEP treated SKF solution to a final concentration of 1 mM to bring up the pH to neutral (checked by pH paper). 5 µg of iodoacetamide powder was directly added into the reaction mixture and allowed to react at RT for 5 min followed by quenching with an equal volume of 10% formic acid. 
General MS procedure for the characterization of SKF
NMR measurement of SKF
Effect of SKF and SDP on B subtilis cell growth curve
The effect of SKF and SDP on B. subtilis cell growth was performed using 96 well microtiter plates. A 2 mL overnight culture in LB media was centrifuged at 6000g for 10 minutes and supernatants discarded. The cell pellets were resuspended using 2 mL of ISP2 media. OD 595 of the resuspended cells were measured (ELx808 Ultra Microplate Reader, Bio-TEK Instruments), and the final OD 595 was adjusted to 0.03 with ISP2 media. 100 µL diluted culture with indicated working concentrations of SKF or SDP were aliquoted into each well. The plate was shaken at 37 o C, 120 rpm. OD 595 were measured and recorded at each time point. To evaluate the effect of SDP on an exponentially growing culture, SDP was added at 3 or 6 hours to a final concentration of 20 µg/mL, and the OD 595 was measured at each time point.
Fluorescence microscopy
The effects of SDP on individual B. subtilis cells were investigated in 15 µL cultures prepared in the following manner. Cultures were grown in LB media to an OD 600 of 0.3, centrifuged, resuspended in 1/10 the volume and 14.25 µL of concentrated cells were added to 1.7 mL microcentrifuge tubes. At t = 0, 0.75 µL of 10% DMSO or 400 µg/mL SDP (in 10% DMSO) was added to different aliquots of cells. The tubes were capped and incubated at 37°C in a roller. Samples were collected for imaging every 30 minutes. 2 µL of cells were added to 0.5 µL of a stain mix containing 30 µg/mL FM 4-64, 2.5 µM Sytox Green and 1 µg/mL DAPI prepared in 1X T-base.
Cells were immobilized with Poly-L-Lysine and imaged on an Applied Precision Spectris Microscope (19).
Images were deconvoluted and the medial focal planes shown. Time-lapse imaging showing the formation of membrane tubules and projections was performed on these slides, collecting images of cell membranes every 3 seconds for 1 minute.
Quantification of the amount of cellular lysis was performed by determining the percent cells showing clearly discontinuous membranes and increased permeability to Sytox Green relative to the number of intact cells. This data showed that the 3610 strain, both with and without the ∆spo0A mutation (ALB1035) showed the most rapid onset of cell lysis (first evident at t = 60 minutes) and the highest frequency of lysis. The strains in PY79
background were affected more slowly and in a lower percent of cells. We did not score later time points in this manner, because the extensive cell lysis made it impossible to determine the percent cell lysis, since it was unclear how many cells produced the debris.
Spot assay
Lawns were created by mixing 50 µl exponentially growing cells (OD 600 = 0.4-0.6) with 3.5 ml 0.35% LB agar and pouring the mixture onto LB plates. When indicated, IPTG was added to a final concentration of 1 mM. After the top agar solidified, 5 µl of exponentially growing cells or purified compounds were spotted on top of the lawn and allowed to dry. The plates were then incubated overnight at 30°C.
Screen of antibacterial activities against pathogens
The activities of SDP and SKF were tested in a microtiter based screen for growth inhibitory activity against a variety of Gram-positive and Gram-negative bacterial species. Then, the IC 50 of these compounds was assessed against a smaller set of representative organisms. For this assessment, SDP was tested against three organisms whose growth it inhibited, methicillin-resistant Staphylococcus aureus (MRSA) sequence type 59 (ST59), S.
aureus Newman, Staphylococcus epidermidis (ATCC35984), and two that were unaffected, Klebsiella pneumoniae (ATCC700603) and Pseudomonas aeruginosa (ATCC 10145). SKF had no effect in the microtiter assay for any species and the MIC assay was performed with S. aureus MRSA ST59, K. pneumoniae (ATCC700603 and ATCC 35657), Burkholderia cepacia (ATCC 17765) and Escherichia coli (ATCC 25922).
IC 50 assays were performed by a microbroth dilution assay. The overnight culture of the tested strain was diluted 1:200 in cation-adjusted Mueller-Hinton broth (MHB, Hardy Diagnostics, Santa Maria, CA) and grown with shaking at 37°C to mid-logarithmic phase after which they were centrifuged and pellets were resuspended in phosphate-buffered saline to an OD 600 of 0.4 -0.5. Prior to the addition of this pre-culture, 96-well polystyrene test plates (Costar® #3288, Corning, NY) containing duplicate samples of serially diluted test compounds, SDP or SKF, and appropriate antibiotic controls were prepared in CAMHB. Bacteria were added to the test plate to a final concentration of 5x10 5 CFU/ml in a volume of 80 µl/well. The control antibiotics included vancomycin (Hospira, Lake Forest, IL, USA) for Staphylococcal strains, ciprofloxacin (Fluka, Sigma-Adlrich) for Pseudomonas aeruginosa and sulfamet ho xazo le, t rimet ho pr im (SMX-TMP S ico r ™ Irvine, CA) for K. pneumoniae and E. coli strains. Following the addition of bacteria, test plates were incubated at 37°C in a shaking incubator for 20 -22h. Finally the plates were assessed for bacterial growth by the presence of turbidity at OD 600 . The absorbance at each tested concentration were normalized to the negative control (absence of test compound) to determine relative growth at a given concentration of SDP or SKF. The
IC 50 values of SDP were determined from this data. Membrane tubules and spheres are subcellular particles, so the scoring indicates the frequency with which such structures were observed relative to the total number of cells scored. b. D number represents for the number of deuterium labeled within certain fragments.
Supplementary
c. Theoretical mass of fragment ions resulted from NaBD 4 reduction (deuterated dethiolated SKF).
d. Residue C and M are marked due to the reason that these two residues are derivatized after reaction.
